Bacterial secondary symbionts are very common in terrestrial arthropods, but infection levels vary widely among populations. Experiments and within-species comparisons both suggest that environmental temperature might be important in explaining this variation. To investigate the importance of temperature, at broad geographical and taxonomic scales, we extended a global database of terrestrial arthropods screened for Wolbachia and Cardinium. Our final data set contained data from 114,297 arthropods (>2,500 species) screened for Wolbachia and 17,011 arthropods (>800 species) screened for Cardinium, including population samples from 137 different countries, and with mean temperatures varying from -6.5 to 29.2°C. In insects and relatives, Cardinium infection showed a clear and consistent tendency to increase with temperature. For Wolbachia, a tendency to increase with temperature in temperate climates, is counteracted by reduced prevalence in the tropics, resulting in a weak negative trend overall. We discuss the implications of these results for natural and introduced symbionts, in regions affected by climate change.
Introduction
Bacterial endosymbionts are common in all major groups of arthropods, and can exert profound effects on their hosts (Zchori-Fein and Bourtzis 2011 , Duron & Hurst 2013 , Weinert et al. 2015 . While infection is very widespread, symbiont prevalence (i.e., the proportion of individuals infected) varies widely among populations. Several factors might shape this variation, including the costs of reproductive parasitism (Hurst and Frost 2015) , the benefits of protection against viral pathogens (Moreira et al 2008) , or host dispersal patterns (Jiggins 2017).
Another putative influence on endosymbiont prevalence is environmental temperature (Corbin et al 2017) . Laboratory studies have suggested that endosymbionts are more susceptible to thermal stress than their hosts (Wernegreen 2012; Kikuchi et al. 2016; Hussain et al. 2017) , and the physiological costs or benefits of carriage, or endosymbiont transmission might also be temperature-sensitive (Corbin et al 2017) . Evidence of a role for temperature also comes from comparative biogeography. For example, Cardinium infection in Culicoides midges is higher in warmer areas of Israel (Morag et al. 2012) , while similar trends have been reported for Wolbachia in Lepidoptera and Diptera (Ahmed et al. 2015; Morrow et al. 2015; Kreisner et al. 2016 ). However, these remain isolated results, and sample prevalence in Wolbachia is remarkably constant at the broadest continental scales (Werren and Windsor 2000) .
Here, we survey global data on symbiont prevalence in wild populations of terrestrial arthropods. We focus on Wolbachia and Cardinium, which are well sampled, and infect, respectively, around 1/2 and 1/8 of all terrestrial species (Weinert et al. 2015) . We then test for a relationship between prevalence and the climate of the sampling location.
Results
We collated data from 320 publications, comprising 135,875 individual arthropods screened. When sampling location was specified, we then obtained an estimate of mean temperature between 1970 -2000 (Fick and Hijmens 2017 , and a categorical assignment of climate, using the Köppen system, which summarizes multiple ecologically relevant variables, such as seasonal precipitation and heat (Peel et al 2007; Chen and Chen 2013) . The data are diverse taxonomically (with hosts from >45 arthropod orders), and geographically (with 27/31 Köppen climates, including all five higher-level classifications: tropical, arid, temperate, continental, and polar). The full database is available as Supplementary Table S1 , and is summarized in Figures 1-2 , and S1-S3.
We first consider results for Cardinium (Figure 1 ). This symbiont has very different rates of infection in the two major arthropod groups, namely Chelicerata: mites, ticks, spiders and relatives, and Mandibulata: mainly insects, but also wingless hexapods, crustaceans and myriapods (Weinert et al. 2015; Martin and Goodacre 2012) , and so we consider these two major groups separately.
For Cardinium infection in Mandibulata (Figure 1a-c; Table 1a ), there is a clear trend for increasing infection with temperature ( Figure 1c ). This is confirmed by a regression analysis ( Figure 1b ; Table 1a ). Temperature remained a significant predictor when we also allowed prevalences to vary systematically with climatic zone, by allowing each of the five higherlevel Köppen climates to have a typical prevalence level ("K5" in Table 1a ). The same was also true when we allowed for systematic differences between each of the finer-grained Köppen climates ("K31" in Table 1a ).
There are two possible caveats to this result. First, the best fit was obtained from the largest model (Table 1a) , which might indicate model inadequacy; however, the preferred model gave a significantly better fit than equally large models, where the Köppen climate labels were permuted randomly among the sampled populations (permutation p-value < 10 -4 ). Second, our sample of populations must be highly unrepresentative with respect to taxonomy (see Supplementary Figure S1 and Supplementary Table S2 ). For example, over half of the individuals sampled (6127/11,757) , and three quarters of those infected (1596/2072) are Hemiptera (true bugs). Nevertheless, as we show in Supplementary Table S2 , the effect of temperature remains when we remove all Hemiptera from the data set, and when we considered Hemiptera alone. Furthermore, the same trend (albeit non-significant) is evident in the two best-sampled hemipteran groups, namely sternorrhynca (aphids, whiteflies and relatives), and fulgoromorpha (planthoppers). Together, then, results suggest that both mean temperature, and some other features of climate have predictable effects on the levels of Cardinium infection in the Mandibulata. Table 1b) , results are quite different. For these data, there is a tendency for colder climates to harbor higher prevalence infections (Table 1b) , but the effect, though significant, is small. For example, an increase in temperature from 0° to 10° only decreases the expected mean prevalence from 42% to 40%. However, the effect does appear in multiple taxonomic groups. As shown in Supplementary  Table S2 , and Supplementary Figure S4 , a negative effect of temperature is found in 4/6 of the well-sampled insect orders: Coleoptera, Hymenoptera, Hemiptera and Orthoptera, and in pooled data from the remaining, sparsely-sampled groups. The same trend was also seen in mosquitoes (Diptera: Culididae), and in the remainder of the Diptera, though not in the wellsampled Lepidoptera.
As shown in Figure 3 , this effect is driven by differences between the major climatic zones, with several groups showing less infection in tropical regions, and more infection in cold, continental regions (see also Figure S9 ). If we model this effect, assigning a typical prevalence level to each of the five climates ("K5" in Table 1b ), then the effect of temperature reverses sign, and it becomes a significantly positive predictor of prevalence. Finer-grained analyses show that this is driven by a strong effect of temperature within the best-sampled "temperate" zones, with no consistent pattern elsewhere ( Supplementary Table  S3 and Figure S5 ). The effect also disappears if we allow for systematic differences between the finer-grained Köppen climates ("K31" in Table 1b ); in this case, model fit improves substantially, and more so than when climatic labels are randomly permuted (permutation p < 10 -4 ), but including temperature as an explanatory variable adds little predictive power.
Chelicerates are much less well sampled than insects, but this host group showed little evidence of a consistent effect of temperature (Figure 1d Table 1c -d). Indeed, for Wolbachia there is a notable lack of variation in the mean prevalence estimates. We find meaningful variation between typical prevalences in the finer-grained climatic zones (permutation p<10 -4 ), but the best-fit slope for temperature is close to zero (Table 1d) , and confidence intervals overlap for most pairs of higher-level climates (see Supplementary Figure S6 ). This lack of a clear trend holds for the well-sampled Acari (mites, ticks and relatives), which includes many disease vectors, and for the remainder of the chelicerate data ( Supplementary Table S2 ).
Discussion
We have compiled a global database of arthropod populations screened for the bacterial endosymbionts Cardinium and Wolbachia, and used these data to test for an effect of climate, and especially temperature, on infection prevalence levels. Our data were extensive, but haphazardly sampled, and so we have focussed on patterns that are found consistently in different subsets of the data.
A clear and consistent effect of temperature was found for Cardinium infection in Mandibulata hosts, and particularly in insects. This suggests that the pattern reported by Morag et al. (2012;  for Culicoides midges, collected across Israel), obtains much more generally. However, this effect was limited to Cardinium in insects, where incidence levels are much lower than in the other host-symbiont combinations studied here (Weinert et al. 2015) .
For infection with Wolbachia -where incidence levels are much higher -the patterns observed are more complex. In Chelicerate hosts (including mites, ticks and relatives), no consistent trends were found, and infection levels are surprisingly constant across very different geographical regions, and host groups. In insects, by contrast, we found a tendency for infection to increase with temperature, but only within temperate climatic zones. No such trend was observed within tropical climates, but these tended to have lower infection levels overall. This last pattern runs contrary to previous studies within single species or families of Diptera (Morrow et al. 2015; Kriesner et al. 2016) , but was observed here in multiple host groups, including mosquitoes, the major dipteran disease vectors.
These results for Wolbachia have a special interest, because this symbiont is increasingly used as a biocontrol agent, particularly for mosquito-borne human pathogens. For example, in Aedes aegypti, Wolbachia infection inhibits the replication of dengue, chikungunya and zika viruses, as well as malarial parasites (Moreira et al 2009; Jeffries and Walker 2016; Jiggins 2017) . The use of Wolbachia in biocontrol has, of course, focused on tropical regions (in Australia, Brazil, Indonesia and Vietnam), where the problems of mosquito-borne disease are most acute. But the trends within temperate zones suggest that changes in temperature can have consistent effects on symbioses in regions where, because of climate change, such diseases are re-emerging (Jeffries and Walker 2016; Amos 2016). Experimental studies have shown that increases in temperature can perturb the mosquito-Wolbachia symbioses in the laboratory (Yixin et al. 2016; Ross et al. 2017) , and our results suggest these lab results could have a strong ecological relevance.
Methods

Database collation
Our starting point was the collation by Weinert et al. (2015) , of PCR screens of terrestrial arthropods, from 364 publications prior to 2014. From this database, we retained only screens for Wolbachia and Cardinium, from wild populations. Unlike Weinert et al. (2015) , we retained screens from known outbreak areas, but removed studies where arthropod individuals were pooled before screening. We re-checked entries for all studies, and reentered data in accordance with the goals of the present study. This led to several changes in previous entries (~0.09% of the total). Using the criteria described in Weinert et al. (2015) , we then searched the literature for more recent studies, stopping at March 2018. This yielded data from an additional 125 published papers, increasing the number of Wolbachia screens by about a third. To associate each record with climate data, we first obtained the decimal latitude and longitude of each sampling location, either from the source publications, or by contacting the authors (see acknowledgements), or by finding named locations on Google Maps (2017). Where location information was very coarse-grained (e.g. "Texas" or "Scotland") we used two strategies to calculate approximate coordinates. If other studies had sampled from the same location, we used the median coordinates of the sampled data for our unspecified location. If no other studies sampled from a given location, we used coordinates for the centroid of that location. These approximate methods were used for ~15.6% of records, as noted in the database.
We then used the latitude and longitude information to obtain climatic data. First, we obtained mean temperature estimates over a 2.5-minute grid (~4.5km at the equator) from the WorldClim database (Fick and Hijmens 2017). We associated each of our sampling locations with its closest grid entry, by Euclidean distance. We also excluded samples from some island or coastal regions, where WorldClim lacks data. Each of our temperature estimates is the mean of weekly maximum and minimum temperatures, averaged over the years 1970-2000. Where sampling dates of the arthropod populations were reported, these were also recorded in our database. But despite the volume of data, there were insufficient records to test directly for temporal change. Any discrepancy between sampling dates and temperature estimates should add noise, but not bias to our results. Estimates of temperature variability, and of the maximum and minimum temperatures during 1970-2000, correlate very strongly with the mean temperatures ( Supplementary Figure S7) , increasing our confidence that our chosen predictor is ecologically meaningful. For the same reason, we used only the mean temperature in our analyses, and did not add additional, highly correlated predictors. We also classified each sampling location according to the Köppen system, again using Euclidean distance, to associate each sampled point with a grid reference (Peel et al 2007, data downloaded from Chen and Chen 2013). These classifications correlate with the mean temperature estimates, and this increases the stringency of our tests, but as shown in Supplementary Figure S3 , most climate types include a wide range of temperatures, and there is overlap between the temperature ranges of different climatic zones.
Statistical analyses
Following Hilgenboecker et al. 2008 and Weinert et al. 2015 , our analyses use Beta-binomial modeling. Here, the number of infected individuals in a sample is drawn from a binomial distribution, parameterized with the sample size, and true population prevalence. This true prevalence is then drawn from a Beta distribution, which is parameterized with a mean prevalence, and a correlation parameter, which describes how much of the variation in infection is distributed within versus between populations. Both parameters of the Beta distribution vary between zero and one, and so the linear model uses a logit link function. While both parameters could vary with the predictors (i.e., the temperature or ecology), we are most interested in mean prevalence, and in the main text, we assume that the correlation parameter takes a constant value, also estimated from the data. As shown in Supplementary  Table S2 and Supplementary Figures S8-S11 , relaxing this assumption had little qualitative effect on the results. This agrees with simulation results, which suggest that Beta-binomial models yield robust estimates of the mean prevalence, even if the shape of the distribution is misspecified (Weinert et al. 2015) . All models were fit using the vglm function of the R package VGAM v1.0-3 (Yee 2015) , or by custom scripts presented by Weinert et al. (2015) . For the randomization tests, we used 10,000 random permutations of the Köppen classifications associated with each population, and the p-value is the proportion of these permutations where the maximized log-likelihood is at least as high as with the true classifications. Separate permutations were made for population samples comprising only a single individual, and population samples containing two or more sampled individuals. This is because single-individual screens are more likely to approximate an unbiased sample of prevalence levels, but do not provide enough information to fit both parameters of the Beta distribution (Hilgenboecker et al. 2008; Weinert et al. 2015) . Following Benjamin et al. (2017), we define statistical significance as p<0.005. For the illustrative plots, shown in Figures 1-2 panels (c) and (e), and Supplementary Figure S4 , we binned populations by mean temperature, centering the bins on the mean temperatures recorded in our data set for the five higher-level Köppen climates (Supplementary Figure S3) . A distinct Beta-binomial model was then fit to all populations within each bin, with confidence intervals defined as mean prevalence values that reduce the maximized log likelihood by two units (Edwards 1992). The same approach was taken for estimating the typical prevalences in each higher-level climatic zone (see Figures 3 and Supplementary S6 ).
Zchori-Fein, E. and K. Bourtzis (eds). 2011. Manipulative tenants -Bacteria associated with arthropods (CRC press). Table 1 : The effects of mean temperature and climatic zone on symbiont prevalence Note: KC: climatic zones included in the model as categorical predictors, either K5 (five higher-level Köppen classifications) or K31 (up to 31 finer-grained climates); np: the total number of parameters in the model fit; AIC: Akaike Information Criterion (Akaike 1974), with the preferred model shown in bold; temp: the best-fit slope and p-value associated with the mean temperature, when this was included in the model. * p < 0.005. The number of arthropod species in each subset of the data is given as a minimum (counting named species only), and a maximum (including each partially identified taxon as a unique species). Table 1 . (c) and (e): illustrative plots, showing the estimated mean prevalence for populations falling within a temperature range, as indicated by color in the panels above. Separate results are given for the two major clades of arthropods, which have very different levels of Cardinium infection, namely (b)-(c) Mandibulata (mostly insects, but also wingless hexapods, crustaceans and myriapods), and (d)-(e) Chelicerata (ticks, mites, spiders and relatives). 
